Background-The increased incidence of coronary artery disease in men compared with premenopausal women suggests a detrimental role of male hormones on the cardiovascular system. However, testosterone has direct relaxing effects on coronary arteries in animals, as shown both in vitro and in vivo. The effect of testosterone on the human coronary circulation remains unknown. Methods and Results-We studied 13 men (aged 61Ϯ11 years) with coronary artery disease. They underwent measurement of coronary artery diameter and blood flow after a 3-minute intracoronary infusion of vehicle control (ethanol) followed by 2-minute intracoronary infusions of acetylcholine (10 Ϫ7 to 10 Ϫ5 mol/L) until peak velocity response. A dose-response curve to 3-minute infusions of testosterone (10 Ϫ10 to 10 Ϫ7 mol/L) was then determined, and the acetylcholine infusions were repeated. Finally, an intracoronary bolus of isosorbide dinitrate (1000 g) was given. Coronary blood flow was calculated from measurements of blood flow velocity using intracoronary Doppler and coronary artery diameter using quantitative coronary angiography. 
I
n recent years, sex hormones, particularly estrogen, have emerged as important factors for modulating cardiovascular disease. 1, 2 Although the incidence of coronary heart disease increases in women after menopause, postmenopausal women have a lower incidence of coronary heart disease and myocardial infarction than men of a similar age. It has been proposed that testosterone may predispose to coronary artery disease and may partially explain the sex difference. However, no direct evidence exists linking testosterone to an increased incidence of coronary heart disease and myocardial infarction.
In men without prior myocardial infarction who are referred for coronary angiography, a significant inverse correlation was found between plasma testosterone levels and extent of coronary artery disease, demonstrating that men with low testosterone levels may be at increased risk for coronary atherosclerosis. 2 Some reports suggest that testosterone therapy in men has a beneficial effect on angina pectoris 3, 4 and on exercise-induced ST-segment depression in patients with angina pectoris. 5, 6 A double-blind study was performed in 50 men who had ST-segment depression after exercise. 6 After 4 to 8 weeks of treatment with testosterone or placebo, a significant decrease in the exercise-induced extent of ST-segment depression occurred with testosterone when compared with placebo. The mechanism(s) by which testosterone decreased postexercise ST-segment depression was not established.
The direct effect of testosterone on coronary circulation in men is unknown. Testosterone induces relaxation in precontracted rabbit coronary arteries and aorta in vitro, with or without endothelium. 7 A high-cholesterol diet and environmental tobacco smoke have detrimental effects on endothelial function in male animals; this effect was exacerbated by testosterone at physiological concentrations. 8 Short-term in-tracoronary infusions of testosterone dilate male and female canine coronary arteries in vivo and increase coronary blood flow, partially by an endothelium-dependent mechanism. ATP-sensitive potassium channels are also involved in the dilator response.
These data suggest a beneficial effect of testosterone on the coronary circulation. We therefore investigated the effects of testosterone on the coronary circulation of men with atherosclerotic coronary artery disease.
Methods

Patients
Men aged 35 to 70 years who had angiographically proven coronary artery disease at diagnostic angiography for investigation of stable angina pectoris were enrolled in the study. Patients with primary valvar heart disease, complete heart block, or uncorrected hypokalemia were excluded. All patients gave written informed consent in accordance with the ethical requirements of the Royal Brompton Hospital Ethics Committee.
Study Design
Cardiac medication was withheld for at least 24 hours before cardiac catheterization, and caffeine-containing beverages were prohibited during this time. After diagnostic coronary angiography and full heparinization, a 0.014-inch Doppler flow wire (Cardiometrics Inc) was positioned in the proximal portion of an unobstructed coronary artery (no lesionϾ50% occlusive) from which continuous traces of average peak blood flow velocity were recorded. Arterial pressure, heart rate, and ECG were displayed continuously.
Intracoronary Infusions
A 3-minute intracoronary infusion of vehicle control (ethanol) was given, followed by investigation of endothelium-dependent coronary responses by increasing concentrations of intracoronary acetylcholine (estimated concentrations, 10 Ϫ7 to 10 Ϫ5 mol/L) for 2 minutes each or until peak velocity response. After this, a dose-response curve to testosterone was performed for 3 minutes at each concentration into the right coronary artery with an infusion rate of 1 mL/min (estimated concentration of testosterone: 2.3, 23, 230, and 2300 ng/min) and of 1.5 mL/min into the left coronary artery (estimated concentration of testosterone: 3.45, 34.5, 345, and 3450 ng/min). These doses are approximately equal to the 10 Ϫ10 to 10 Ϫ7 mol/L concentrations of testosterone, respectively, achieved in the coronary blood. Acetylcholine infusions were then repeated. All infusions were given at a rate of 1 mL/min into the ostium of the right coronary artery or 1.5 mL/min into the ostium of the left coronary artery. The study protocol was completed with an intracoronary bolus of 1000 g of isosorbide dinitrate, a non-endotheliumdependent vasodilator. Coronary angiograms were performed at baseline and then immediately after the peak velocity response to each dose of vasoactive substance. A second baseline angiogram (baseline 2) was performed between the first acetylcholine challenge and the commencement of the testosterone infusions. A rest period was observed between each infusion to allow all measured parameters to return to baseline. At baseline 1 and at the end of each testosterone infusion, blood sampling was performed to measure plasma testosterone concentrations (total testosterone) using a standard radioimmunoassay (Abbott IMX System, Abbott Diagnostics Division).
To determine the effect of vehicle control on the acetylcholine response, a 3-minute infusion of vehicle control (0.01 mL of 60% ethanol in 10 mL of blood) was given after the first acetylcholine challenge, as described above, in a similar group of 8 male patients with coronary artery disease. The acetylcholine response was then repeated.
Testosterone Dilutions
The testosterone dilutions were calculated to give a dose of testosterone in the coronary artery of 10 Ϫ10 to 10 Ϫ7 mol/L (normal range, 10 Ϫ8 to 5ϫ10 Ϫ8 mol/L [3 to 10 ng/mL]) using an assumed coronary blood flow of 80 mL/min in the left coronary arterial tree and 40 mL/min in the right coronary artery. Stock solutions of 2300 g/mL testosterone and vehicle control (ethanol) were provided by Columbia Laboratories (Paris, France). We diluted 0.1 mL of 2300 g/mL testosterone in 10 mL of the patient's blood to give a 23 g/mL (10 Ϫ6 mol/L) testosterone concentration. This was then diluted further to give testosterone concentrations of 10 Ϫ7 to 10 Ϫ10 mol/L (2.3 g/mL to 2.3 ng/mL) in the coronary blood.
Testosterone is lipid-soluble and was prepared in 60% ethanol. Vehicle control was prepared for intracoronary infusion at 1 concentration, which was equivalent to the concentration given at the greatest concentration of testosterone (0.01 mL of 60% ethanol in 10 mL of blood).
Quantitative Coronary Angiography and Calculation of Flow
Coronary angiograms were acquired and analyzed digitally using a real-time digital image acquisition and analysis system (Digitron III VACI, Siemens AG), as previously described. 9 Measurement of diameter and velocity were made at baseline and at peak velocity change. Diameter was measured Ϸ4 mm distal to the tip of the Doppler wire at the sample volume site by an independent observer. Care was taken to measure diameter at an identical position after each infusion. The wire position did not change in any of the patients studied. A quantitative estimate of coronary blood flow was calculated from Doppler flow velocity and diameter 4 mm distal to the Doppler wire tip using the following equation 10 :
where Q is flow (mL/min), D is vessel diameter (mm), and APV is average peak velocity (cm/s). In addition to measuring local changes in diameter, global diameter changes throughout the entire artery were measured by an independent observer using quantitative coronary angiography. With this analysis, changes in mean coronary diameter were measured, as were responses at the sites of defined focal narrowing and/or dilatation.
Statistical Analysis
Baseline 1 versus baseline 2 comparison was performed using a paired t test or a Wilcoxon matched pairs test when the data were not normally distributed. All other analyses were performed using a 2-way ANOVA with patient and time as factors. In Results, we present comparisons of baseline 1 versus acetylcholine responses before testosterone, baseline 2 versus testosterone, and baseline 2 versus acetylcholine responses after testosterone. We also compared responses to respective doses of acetylcholine before versus after testosterone. The following assumptions were tested: normality of residuals by the Shapiro Francia WЈ test and equality of variances in the time groups by Bartlett's test. Data are presented as meanϮSD or as geometric mean (95% confidence interval [CI]) where data have been log-transformed to normality. PϽ0.05 was considered significant.
Results
Patients
Thirteen men were enrolled in the study; they had a mean age of 61Ϯ11 years. Patient characteristics are described in Table  1 . Seven patients had 1 significantly diseased coronary artery (stenosis Ͼ70%), and 6 patients had 2-vessel disease. The study vessel of all patients was irregular but not significantly obstructed on angiography. The left anterior descending coronary artery was studied in 2 patients, the left circumflex in 1 patient, and the right coronary artery in 10 patients. Ten patients had focal narrowing in the study vessel between 10% and 40%, with a mean lesion severity of 23Ϯ10%.
Plasma Hormone Concentrations
Plasma testosterone levels in the femoral artery were significantly increased at the greater concentrations of infused testosterone (11Ϯ6 versus 14Ϯ4, 16Ϯ5, 29Ϯ16, and 35Ϯ15 nmol/L for baseline versus 10 Ϫ10 to 10 Ϫ7 mol/L testosterone, respectively; Pϭ0.40, 0.12, Ͻ0.001, and Ͻ0.001, respectively). The mean baseline plasma estradiol level was 188Ϯ77 pmol/L (range, 112 to 358 pmol/L).
Coronary Artery Responses to Testosterone
Testosterone (10 Ϫ9 to 10 Ϫ7 mol/L) significantly increased coronary diameter (Table 2 ) by 3.1% (Pϭ0.05), 3.5% (Pϭ0.038), and 4.5% (Pϭ0.005), respectively, compared with baseline 2 (Figure) . A significant increase occurred in coronary blood flow at all concentrations of testosterone compared with baseline 2 (Table 2 ). Blood flow was increased by 15.9% (Pϭ0.006), 11.9% (Pϭ0.029), 16 .3% (Pϭ0.002), and 17.4% (Pϭ0.002) at levels of 10 Ϫ10 to 10 Ϫ7 mol/L testosterone, respectively ( Figure) . Velocity was not affected by testosterone at any concentration (Table 2) .
Coronary Artery Responses to Acetylcholine Before and After Testosterone
Coronary artery diameter at the Doppler wire tip did not change after acetylcholine infusion compared with baseline, and no difference existed in this diameter response to acetylcholine before and after testosterone ( Table 2) . Coronary velocity and flow were significantly increased by 10 Ϫ6 and 10 Ϫ5 mol/L acetylcholine compared with baseline 1 (all PϽ0.001; Table 2 ), but no difference existed in the velocity or flow responses before and after testosterone.
Mean Coronary Artery Diameter Changes
The mean diameter of the entire study vessel was measured in response to the maximum dose of acetylcholine infused in 11 patients. Acetylcholine (10 Ϫ5 mol/L) induced a significant increase in mean diameter compared with baseline (3.01Ϯ0.68 versus 3.14Ϯ0.63 mm for baseline 1 versus acetylcholine 10 Ϫ5 mol/L; PϽ0.05); however, no difference existed in this response before and after testosterone infusion (3.14Ϯ0.63 versus 3.07Ϯ0.64 mm). In 8 areas of focal narrowing (mean severity, 23Ϯ10%), the diameter response to acetylcholine (10 Ϫ5 mol/L) was unchanged before and after testosterone (2.46Ϯ0.7 mm versus 2.46Ϯ0.86 mm). In 11 areas of dilatation to acetylcholine (10 Ϫ5 mol/L), the dilator response was the same before and after infusions of testosterone (4.01Ϯ0.82 mm versus 3.85Ϯ0.79 mm).
Coronary Artery Responses to Vehicle Control and Isosorbide Dinitrate
Vehicle control did not change coronary artery diameter or velocity or blood flow compared with baseline 1 or baseline 2 ( Table 2 ). Isosorbide dinitrate significantly increased coronary velocity, diameter and flow compared with baseline 2 (PϽ0.001, Pϭ0.005, and PϽ0.001, respectively; Table 2 ). Table 2 shows that mean arterial pressure and heart rate did not change significantly throughout the study.
Systemic Hemodynamics
Controls
Characteristics Eight controls were enrolled (mean age, 57Ϯ9 years), and all had coronary atherosclerosis (Table 1) . Three controls had 1-vessel disease, and 5 had 2-vessel disease. The left circumflex coronary artery was studied in 1 control patient, and in 7 controls, the right coronary artery was studied. No differences existed between the patients and controls with respect to age, baseline plasma testosterone concentration, or factors that might affect endothelial function, such as lipid profile, blood pressure, heart rate, or coronary atherosclerosis (Table 1) . Seven controls had focal narrowing in the study vessel of between 10% and 40%, with a mean lesion severity of 21Ϯ9%.
Coronary Artery Vasoreactivity
Vehicle control did not affect coronary velocity, diameter, or blood flow compared with baseline (Table 3) . No differences existed in the velocity, diameter, or blood flow responses to acetylcholine before and after vehicle control (Table 3) . Mean diameter was measured in response to the maximum dose of acetylcholine infused in 8 patients. Acetylcholine (10 Ϫ5 mol/L) did not significantly change mean diameter compared with baseline 1 (3.22Ϯ0.56 mm versus 3.31Ϯ0.6 mm), and no differences existed in this response before and after infusions of vehicle control (3.31Ϯ0.6 mm versus 3.27Ϯ0.58 mm). In 7 areas of focal narrowing (mean severity, 21Ϯ9%), the diameter response to acetylcholine (10 Ϫ5 mol/L) was unchanged before and after vehicle control (2.65Ϯ0.46 mm versus 2.58Ϯ0.48 mm). In 8 areas of dilatation to acetylcholine (10 Ϫ5 mol/L), the dilator response was the same before and after infusions of vehicle control (4.6Ϯ1.2 mm versus 4.5Ϯ1.23 mm). Systemic blood pressure and heart rate did not change after infusion of vehicle control compared with baseline (Table 3 ).
Discussion
We demonstrated that testosterone, administered acutely at physiological (and greater) concentrations, induces coronary artery dilatation (up to 4.5%) and increases coronary blood flow (up to 17.4%) in men with coronary atherosclerosis. Testosterone did not alter acetylcholine-induced increases in coronary blood flow or areas of constriction or dilatation induced by acetylcholine, which suggests that it had no measurable effect on stimulated endothelial nitric oxide. These findings are similar to those found in vitro in which testosterone-induced coronary relaxation was shown to be independent of the endothelium, 7 with the possible involvement of potassium channel modulation. The effect of testosterone on coronary artery diameter and blood flow are approximately half that demonstrated after intracoronary diltiazem administration, where diameter was increased by 10% and flow by 30%. 11 Nicorandil, a potassium channel activator, exerts its vasodilator actions through a mechanism similar to that of testosterone, via activation of ATP-sensitive potassium channels. In a study in patients with normal coronary arteries and coronary artery disease, this agent increased proximal coronary artery diameter by 13%. The dose of nicorandil infused into these coronary arteries was 0.5 mg, a pharmacological dose. 12 In an animal model, short-term intracoronary infusions of testosterone (10 Ϫ7 and 10 Ϫ6 mol/L) increased coronary blood flow, similar to the findings of the present study. 13 Inhibition of nitric oxide synthase by L-NAME significantly attenuated testosterone-induced increases in blood flow (Pϭ0.04), indicating an endothelium-dependent effect of testosterone on this calculated parameter. However, a high concentration of testosterone was used to achieve this effect (10 Ϫ6 mol/L), and the attenuation of cross-sectional area and velocity were not statistically significant at the 5% level (both Pϭ0.06). These authors 13 could not distinguish between a direct effect of 
Values are mean (SD). ACh indicates acetylcholine. *PϽ0.05, †PϽ0.01, and ‡PϽ0.001 compared with most recent baseline.
testosterone on nitric oxide synthase or a flow-mediated effect of testosterone on the endothelium. Testosteroneinduced changes in coronary velocity and flow were significantly attenuated in resistance vessels by glibenclamide (Pϭ0.03 and 0.02, respectively), indicating inhibition of ATP-sensitive potassium channels by testosterone. Although acetylcholine had no effect on epicardial coronary artery diameter in the present study, it did increase blood flow velocity and blood flow volume in a dose-dependent manner, suggesting that functional endothelium exists in resistance vessels. The fact that this response was not different after administration of testosterone does not preclude involvement of the endothelium in testosterone-induced increases in blood flow. In vitro 7 and in vivo 13 animal data would suggest that testosterone stimulates epicardial coronary dilatation, independent of the endothelium, possibly by effects on ion channels on the vascular smooth muscle plasma membrane, such as ATP-sensitive potassium channels. However, it is impossible to rule out an indirect flow-mediated endothelium-dependent effect of testosterone on blood flow response without the use of an inhibitor of nitric oxide.
We assessed the mean coronary artery diameter response to acetylcholine throughout the length of the study arteries and found no significant difference in mean diameter response to acetylcholine before versus after the testosterone infusions. Areas of focal narrowing and areas that dilated to acetylcholine before exposure to testosterone did not react differently before versus after exposure to testosterone. This reinforces our suggestion that testosterone does not enhance endothelial function in sites of constriction or dilatation to acetylcholine.
Testosterone is converted to 17␤-estradiol by the enzyme aromatase. It is possible that estradiol may account for the vascular effects of testosterone; however, the evidence to date does not support this potential mechanism. Inhibition of both the testosterone and estrogen receptors does not affect testosterone-induced coronary relaxation in vitro 7 or coronary dilatation and increases in blood flow in vivo. 13 Androgen receptors have been identified in ventricular and atrial myocytes, endothelial cells, and vascular smooth muscle cells of some mammalian species 14 -16 ; however, at present, no information exists regarding the presence of androgen receptors in the coronary arteries of humans. Also, it has been shown in a
Testosterone-induced increases in coronary artery diameter (top) and blood flow (bottom). *PϽ0.05 and **PϽ0.01 compared with baseline 2. 
Values are mean (SD). ACh indicates acetylcholine. *PϽ0.01, †PϽ0.001 compared with baseline.
number of studies that estrogen does not have a direct relaxing effect on human coronary arteries in vivo. 9, 17 We demonstrated direct coronary effects of testosterone at physiological concentrations (adult male normal range is Ϸ10 Ϫ9 to 10 Ϫ8 mol/L) 18 in humans. Previous studies (described above) showed significant effects of testosterone at pharmacological concentrations in vitro (10 Ϫ6 and 10 Ϫ5 mol/ L) 7 and near-physiological concentrations in vivo (10 Ϫ7 mol/ L). 13 Interestingly, the mean baseline testosterone level of the men included in the present study was at the lower end of the normal range (mean, 11Ϯ6 nmol/L; range, 1 to 26 nmol/L), which reinforces the observation of Phillips et al 2 that low plasma testosterone may be a risk factor for coronary heart disease. Indeed, 7 of the 13 men had plasma testosterone levels Ͻ11 nmol/L. Serum testosterone decreases with age, 19 and bioavailable testosterone is decreased in older men. 20 Concurrently, an apparent stimulation of gonadotrophin release occurs, with increased levels of follicular-stimulating hormone and luteinizing hormone in elderly men. 21 The patients in the current study demonstrated relatively low testosterone levels for men of a younger age; therefore, it would be plausible that, in our study group, coronary artery disease was not simply a function of age but may also be related to serum testosterone levels. Separate analyses of flow responses in our subjects with normal and low baseline testosterone levels showed no significant correlation between baseline plasma testosterone levels and flow response to infused testosterone (data not shown). This may be due to small numbers (nϭ7 and nϭ6, respectively) or to the fact that the normal group had testosterone levels at the lower end of the normal range.
Dose is an important consideration regarding long-term testosterone administration. High concentrations of testosterone have detrimental effects on atheroma progression, 22 plasma lipids, 23 and hemostatic factors, 2,24,25 and they increase the risk of myocardial infarction and stroke. 26 However, recently published data show a beneficial effect of testosterone on atheroma development in rabbits. 27 The natural androgens testosterone and dehydroepiandrosterone, at physiological concentrations, produced this effect, which was only partially mediated through a beneficial effect on lipid profile. The results of the present study are important because they show the effects of low-dose, physiological levels of testosterone on coronary vasomotion in humans. The results are also important because testosterone is present in both men and women and, therefore, the results may be pertinent to both sexes. Further studies will be needed to investigate the effects of long-term, low-dose testosterone administration on coronary reactivity and risk factors for coronary artery disease in men and the role of testosterone in coronary physiology and pathophysiology in women.
Limitations
We found no effect of testosterone on acetylcholine-induced increases in blood flow, indicating a lack of effect of testosterone on endothelium-dependent responses. To prove a direct effect of testosterone on nitric oxide synthase, however, experiments inhibiting endothelium-derived nitric oxide synthesis would need to be performed. These further experiments would still not exclude the possibility that testosterone may affect the endothelium indirectly via a sheer stressmediated effect.
Diameter responses to testosterone were compared with baseline 2, which revealed a testosterone-induced dilatation. Although the diameter did not return to the original baseline value, baseline 1 and baseline 2 were not significantly different for any measured variable. A carry-over effect of the acetylcholine may account for the decreased coronary diameter at baseline 2; however, this effect has not been reported in previous, similar studies using estrogen, 9,17 and it did not affect the blood flow measurement at baseline 2 in the present study.
Due to the complexity of the study protocol, a number of statistical comparisons were performed. This could call into question statistical significance set at the 5% level. However, with particular regard to the effect of testosterone on coronary blood flow for 3 of the 4 data points, the significance levels were at the 1% level. As multiple comparisons were not performed, we did not need Bonferroni correction of data. The methodology used in the present study, including the statistical analysis, is very similar to that used in previous intracoronary studies of estrogen. 9, 17 
Conclusions
We demonstrated, for the first time, a direct effect of physiological doses of testosterone in human coronary circulation, which resulted in coronary artery dilatation and increases in coronary blood flow. This observation may have important clinical implications if testosterone can be shown to improve myocardial ischemia and long-term outcomes in men with established coronary heart disease.
